Microstructural Characterization of Pure Copper Tubes Produced by a Novel Method Friction Stir Back Extrusion  by Dinaharan, I. et al.
 Procedia Materials Science  5 ( 2014 )  1502 – 1508 
Available online at www.sciencedirect.com
2211-8128 © 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of Organizing Committee of AMME 2014
doi: 10.1016/j.mspro.2014.07.337 
ScienceDirect
,QWHUQDWLRQDO&RQIHUHQFHRQ$GYDQFHVLQ0DQXIDFWXULQJDQG0DWHULDOV(QJLQHHULQJ
$00(
0LFURVWUXFWXUDO&KDUDFWHUL]DWLRQ RI 3XUH&RSSHU7XEHV3URGXFHG E\
$ 1RYHO0HWKRG )ULFWLRQ6WLU%DFN([WUXVLRQ
,'LQDKDUDQD 56DWKLVNXPDUE 6-9LMD\F 10XUXJDQE
D'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ 99&ROOHJHRI(QJLQHHULQJ 7LVDL\DQYLODL 7DPLOQDGX,QGLD
E'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ&RLPEDWRUH,QVWLWXWHRI7HFKQRORJ\&RLPEDWRUH7DPLOQDGX,QGLD
F6FKRRORI0HFKDQLFDO6FLHQFHV.DUXQ\D8QLYHUVLW\&RLPEDWRUH7DPLOQDGX,QGLD
$EVWUDFW
$QRYHOPHWKRGE\QDPHIULFWLRQVWLUEDFNH[WUXVLRQZDVDSSOLHGWRSURGXFHSXUHFRSSHUWXEHVIURPVROLGF\OLQGULFDO VSHFLPHQV
$F\OLQGULFDOFRSSHUVSHFLPHQZDVNHSWLQVLGHWKHKROHLQDGLHDQGH[WUXGHGE\SOXQJLQJWKHURWDWLQJWRRO7KHPLFURVWUXFWXUHRI
WKHSURGXFHG FRSSHU WXEHZDV VWXGLHGXVLQJRSWLFDOPLFURVFRS\7KHPLFURVWUXFWXUHZDV IRXQG WREHKRPRJHQHRXV DORQJ WKH
WXEH7KH WUDSSHG IULFWLRQDOKHDWFRDUVHQHG WKHJUDLQV7KH UHVXOWVSURYH WKDW IULFWLRQVWLUEDFNH[WUXVLRQSURFHVV LVFDSDEOHRI
SURGXFLQJVRXQGFRSSHUWXEHV
  7KH$XWKRUV3XEOLVKHGE\(OVHYLHU /WG
6HOHFWLRQDQGSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI 2UJDQL]LQJ&RPPLWWHHRI$00(
.H\ZRUGV &RSSHU)ULFWLRQVWLUEDFNH[WUXVLRQ0LFURVWUXFWXUH
 ,QWURGXFWLRQ
)ULFWLRQVWLUZHOGLQJ )6: LVD VROLG VWDWHZHOGLQJ WHFKQLTXHZKLFK LVFRQVLGHUHG WREHRQHRI WKH VLJQLILFDQW
MRLQLQJWHFKQLTXHVGHYHORSHGLQWKHODVW WZRGHFDGHV7KRPDVHWDOLQYHQWHG)6:DW7KH:HOGLQJ,QVWLWXWH
7:,8.LQ0LVKUDDQG0D H[SODLQHG WKHSULQFLSOHRI)6:7KHSODWHVRUVKHHWV WREH MRLQHGDUH
ULJLGO\ FODPSHG $ QRQ FRQVXPDEOH URWDWLQJ WRRO ZKLFK LV KDUGHU WKDQ WKH PDWHULDO RI WKH SODWHV WR EH MRLQHG LV
SOXQJHGDWRQHHQGRIWKHMRLQWOLQHWLOOWKHVKRXOGHURIWKHWRRO WRXFKHVWKHWRSVXUIDFHRIWKHSODWHV7KHIULFWLRQDO
KHDWJHQHUDWHGE\UXEELQJRIWRROVKRXOGHUSODVWLFL]HWKHPDWHULDO:KHQWKHWRROWUDYHUVHVWKHSODVWLFL]HGPDWHULDOLV
&RUUHVSRQGLQJDXWKRU7HO  ID[ 
(PDLODGGUHVVVDWKLVFLW#JPDLOFRP
© 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of Organizing Committee of AMME 2014
1503 I. Dinaharan et al. /  Procedia Materials Science  5 ( 2014 )  1502 – 1508 
WUDQVSRUWHGIURPRQHVLGHRIWKHWRROWRWKHRWKHUVLGHDQGIRUJHGDW WKHEDFNRIWKHWRRO$QD[LDOIRUFHLVDSSOLHG
DORQJ WKH WRRO)6:DOOHYLDWHV WKH FRPPRQGHIHFWV SUHVHQW LQ WUDGLWLRQDO IXVLRQZHOGLQJSURFHVVHV1DQGDQ HW DO
UHSRUWHGWKDW)6:ZDVLQLWLDOO\LQYHQWHGDQGDSSOLHGWRMRLQDOXPLQXPDOOR\V%XWFRQVWDQWUHVHDUFKDFURVV
WKH JOREH HQDEOHG LW WR MRLQ RWKHU OLJKWZHLJKW DQG KLJK WHPSHUDWXUH PDWHULDOV &DP  VXPPDUL]HG WKH
GHYHORSPHQWV LQ)6:RI VWUXFWXUDOPDWHULDO LQFOXGLQJPDJQHVLXPFRSSHU VWHHODQG WLWDQLXP)6:SURGXFHV ILQH
JUDLQVLQWKHZHOG]RQHGXHWRLQWHQVHSODVWLFGHIRUPDWLRQZKLFKLVWKHVSRWOLJKWRIWKLVSURFHVV
0LVKUDHWDODSSOLHG)6:WRSURGXFHILQHJUDLQVLQPHWDOOLFPDWHULDOVDQGGHULYHGWKHQDPHIULFWLRQVWLU
SURFHVVLQJ )63 )63 KDV EHHQ XVHG WRPRGLI\ WKHPLFURVWUXFWXUH ORFDOO\ WR HQKDQFH VSHFLILF SURSHUWLHV )63 LV
FDUULHG RXW XVLQJ WKH VDPH IDFLOLW\ HPSOR\HG IRU )6: 7KH )63ZDV IXUWKHU GHYHORSHG WR SURGXFHPHWDOPDWUL[
FRPSRVLWHVPHWDOOLFIRDPVDQGLQGXFHVXSHUSODVWLFLW\/HHHWDODSSOLHG)63WRSURGXFHPDJQHVLXPQDQR
FRPSRVLWH+DQJDLDHWDOIDEULFDWHGDOXPLQXPIRDPVXVLQJ)63URXWH&DYDOLHUHDQG0DUFRPRGLILHG
WKHPLFURVWUXFWXUHRIDPDJQHVLXPDOOR\XVLQJ)63WRH[KLELWVXSHUSODVWLFEHKDYLRU
6HYHUDODGGLWLRQDOSURFHVVHVRUYDULDQWVZHUHGHYHORSHGEDVHGRQWKHSULQFLSOHRI)6:LQWKHODVWGHFDGH6RPH
RIWKHPDUHIULFWLRQVWLUVSRWZHOGLQJ)66:IULFWLRQVWLUFKDQQHOLQJ)6&IULFWLRQVWLUNQHDGZHOGLQJ)6.:
IULFWLRQ SRZGHU SURFHVVLQJ )33 IULFWLRQ VWLU EUD]LQJ )6% IULFWLRQ VWLU GLIIXVLRQ ERQGLQJ )6'' VXEPHUJHG
IULFWLRQVWLUZHOGLQJ6)6:DQGHWF:DQJDQG&KHQVSRWZHOGHGDOXPLQXPDOOR\VXVLQJ)66:DQGVWXGLHG
WKH IDWLJXHEHKDYLRU%DODVXEUDPDQLDQHWDO SURGXFHGFRQWLQXRXVFKDQQHOV LQDOXPLQXPDOOR\SODWHVXVLQJ
)6& DQGPHDVXUHV WKH SURFHVV IRUFHV*HLJHUD HW DO  MRLQHG WKLQ VWHHO DQG DOXPLQXP VKHHWV XVLQJ )6.:
,QDGD HW DO  DGGHG FHUDPLF SDUWLFOHV DORQJ WKH EXWWLQJ HGJHV RI WKH DOXPLQXP SODWHV WR DYRLG LQWHUIDFH
PLVPDWFKDQGQDPHGWKHSURFHVVDV)33=KDQJHW DODSURSRVHGDQRYHOFRQFHSWWRSURGXFHDOXPLQXPDQG
VWHHOFRPSRVLWHXVLQJ)6%DQGGHPRQVWUDWHG WKH IHDVLELOLW\*LUDUGHW DO  UHSRUWHGDQHZPHWKRGE\QDPH
)6'' WR MRLQGLVVLPLODUPHWDOV=KDQJ HW DO EGHPRQVWUDWHG6)6:DV DQ HIIHFWLYHPHWKRG WR LPSURYH WKH
PHFKDQLFDOSURSHUWLHVRIDOXPLQXPMRLQWV
2QH UHFHQW GHYHORSPHQW EDVHG RQ )6: LV IULFWLRQ VWLU EDFN H[WUXVLRQ )6%( WR SURGXFH WXEHV IURP VROLG
F\OLQGULFDOVSHFLPHQV)DUKDSURSRVHG)6%(SURFHVVDQGSURYHGWKHIHDVLELOLW\ WRSURGXFHDOXPLQXPWXEHV
+HZDVVXFFHVVIXOWRSURGXFHVRXQGDOXPLQXPDOOR\$$7WXEHVE\)6%(7KHLQWHUQDOGLDPHWHUDQGZDOO
WKLFNQHVVRIWKHDOXPLQXPWXEHVZHUHUHVSHFWLYHO\PPDQGPP+HREVHUYHGILQHJUDLQVWUXFWXUHDORQJWKH
WXEHZDOO
7KH REMHFWLYH RI WKH SUHVHQW ZRUN LV WR DSSO\ )6%( WR SXUH FRSSHU WR SURGXFH WXEHV IURP VROLG F\OLQGULFDO
VSHFLPHQV7KHIHDVLELOLW\WRSURGXFHFRSSHUWXEHVXVLQJ)6%(DQGWKHPLFURVWUXFWXUHDFURVVWKHH[WUXGHGWXEHVDUH
H[DPLQHG
 ([SHULPHQWDOSURFHGXUH
 )6%(SULQFLSOH
7KH)6%(SULQFLSOHLVVFKHPDWLFDOO\VKRZQLQ)LJ$F\OLQGULFDOVSHFLPHQLVSODFHGDWWKHHQGRIWKHFLUFXODU
KROH LQ WKHGLH$ URWDWLQJ WRRO LV ORZHUHG WR WRXFK WKH WRSVXUIDFHRI WKHF\OLQGULFDO VSHFLPHQ$GZHOOSHULRG LV
JLYHQIRULQLWLDOSODVWLFL]DWLRQRIWKHPDWHULDOWRHDVHWKHH[WUXVLRQSURFHVV)DUKDGLGQRWPHQWLRQDQ\GZHOO
SHULRG7KHSHULRGLQZKLFKWKHURWDWLQJWRROFRQWLQXHVWRURWDWHDQGUXEWKHWRSVXUIDFHRIWKHF\OLQGULFDOVSHFLPHQ
ZLWKRXW SOXQJLQJ LV FDOOHG DV GZHOO SHULRG$IWHU WKH VKRUW GZHOO SHULRG WKH WRRO LV SOXQJHG LQWR WKH F\OLQGULFDO
VSHFLPHQ DW DQ D[LDO IHHG 7KH KHDW JHQHUDWHG GXH WR IULFWLRQ EHWZHHQ WKH WRRO VXUIDFH DQG F\OLQGULFDO VSHFLPHQ
VXUIDFHSODVWLFL]HVWKHVSHFLPHQ7KHFRPELQHGVWLUULQJDFWLRQDQGWKHD[LDOIRUFHLPSRVHVHYHUHSODVWLFGHIRUPDWLRQ
RQWKHPDWHULDO7KHSODVWLFL]HGPDWHULDOIORZVLQWRWKHVSDFHEHWZHHQWRRODQGGLHZDOODQGIRUPVWKHWXEH7KHWRRO
LVILQDOO\UHWUDFWHGDIWHUH[WUXGLQJWKHWXEHWRWKHEULPRIWKHKROHLQWKHGLH
 'HVLJQRIWRRODQGGLH
7KH)6%(VHWXSXVHGLQWKLVZRUNFRQVLVWVRIWZRPDLQFRPSRQHQWVQDPHO\VWLUULQJWRRODQGGLH$VWLUULQJWRRO
RIGLDPHWHUPPZDVGHVLJQHGDQGPDGHRIGRXEOHWHPSHUHGKLJKFDUERQKLJKFKURPLXPVWHHO+&+&U7KHHQG
RI WKH WRROZDV WDSHUHG WR DQ DQJOH RI R WR IDFLOLWDWH WKH H[WUXVLRQ SURFHVV 7KH WDSHU DQJOH FDQ EH FRQVLGHUHG
1504   I. Dinaharan et al. /  Procedia Materials Science  5 ( 2014 )  1502 – 1508 
HTXLYDOHQWWRWKHH[WUXVLRQDQJOHLQDFRQYHQWLRQDOH[WUXVLRQSURFHVV7KHGLHZDVGHVLJQHGLQDF\OLQGULFDOVKDSH
VSOLWLQWRWZRKDOYHV7KHGLHZDVDOVR PDGHRIWKHVDPHPDWHULDODVWKDWRIWRRODQGZDVWHPSHUHG$KROHRIPP
GLDPHWHUDQGPPGHHSZDVSUHSDUHGDWWKHFHQWUHRIWKHGLH7KHWRWDOKHLJKWRIWKHGLHZDVPP$VSHFLDO
IL[WXUHZDVPDGHRIPLOGVWHHOWRKROGWKHGLHLQSRVLWLRQGXULQJ )6%(
)LJ6FKHPDWLFRI)6%(SURFHVVDORZHULQJRIURWDWLQJWRROEGZHOOSHULRGFSOXQJLQJRIWRRODQGGUHWUDFWLQJRIWKHWRRO
)LJ3KRWRJUDSKRIDH[SHULPHQWDOVHWXSLQVHWVKRZVWKHORFDWRUEXVKDQGEGLH
1505 I. Dinaharan et al. /  Procedia Materials Science  5 ( 2014 )  1502 – 1508 
 3URGXFWLRQ RIFRSSHUWXEHV
$QLQGLJHQRXVO\EXLOW)6:PDFKLQHZDVXVHGIRU)6%(7KHIL[WXUHZDVVHFXUHGWRWKHPDFKLQHEHG7KHGLH
ZDVSODFHGRQ WKH IL[WXUH7KH H[SHULPHQWDO VHWXS DQG WKH IDEULFDWHGGLH DUH VKRZQ LQ)LJ $F\OLQGULFDO SXUH
FRSSHUVSHFLPHQRIGLDPHWHUPPDQGKHLJKWPPZDV LQVHUWHG LQWR WKHKROH LQ WKHGLH7KHFRPSRVLWLRQRI
FRSSHULVVKRZQLQ7DEOH7KHVSHFLPHQZDVQRWIL[HGLQVLGHWKHGLHKROH7KHD[LDOIRUFHDSSOLHGDORQJWKHWRROLV
VXIILFLHQWWRKROGWKHVSHFLPHQVWDWLRQDU\7KHD[LVRIWKHWRROZDVDOLJQHGZLWKWKHKROHXVLQJDORFDWRUEXVK7KH
GLHKROHZDVFRDWHGZLWKDKLJKWHPSHUDWXUHOXEULFDQW:2/)5$.2$7&WRDYRLGVWLFNLQJ7KHFRSSHUWXEHVZHUH
H[WUXGHGDVSHUWKHSURFHGXUHLQ)LJ7KHWRROZDVURWDWHGDWUSPZLWK DQD[LDOIHHGRIPPV$QD[LDO
IRUFHRIN1ZDVDSSOLHGRQWKHWRRO7KHGZHOOWLPHZDVDSSUR[LPDWHO\V7KHH[WUXVLRQUDWLRZDV1HLWKHU
WKHGLHQRUWKHF\OLQGULFDOVSHFLPHQZDVSUHKHDWHG7KHSDUDPHWHUVZHUHFKRVHQEDVHGRQWULDOH[SHULPHQWV
 &KDUDFWHUL]DWLRQRIFRSSHUWXEHV
7KH H[WUXGHG FRSSHU WXEH ZDV VOLFHG LQWR WZR KDOYHV XVLQJ ZLUH FXW ('0 7KH FURVV VHFWLRQ ZDV SROLVKHG
LQLWLDOO\XVLQJYDULRXVJUDGHVRIVLOLFRQFDUELGHHPHU\SDSHU ± JULWDQGILQHSROLVKHGXVLQJGLDPRQGSDVWH
RIYDULRXVJUDGHV±ȝP7KHSROLVKHGVSHFLPHQZDVHWFKHGXVLQJDFRORUHWFKDQWFRQWDLQLQJJFKURPLFDFLG
JVRGLXPVXOIDWHPO+&OLQPOGLVWLOOHGZDWHU7KHPLFURVWUXFWXUHZDVREVHUYHGXVLQJDQRSWLFDO
PLFURVFRSH
)LJ3KRWRJUDSKRIIULFWLRQVWLUEDFNH[WUXGHGFRSSHUWXEHVDLQQHUYLHZ ERXWVLGHYLHZ FFURVVVHFWLRQDOYLHZDORQJH[WUXVLRQGLUHFWLRQ
DQGGPLFURVWUXFWXUHVDPSOHORFDWLRQV
 5HVXOWVDQGGLVFXVVLRQ
0DFURVWUXFWXUHRIFRSSHUWXEH
1506   I. Dinaharan et al. /  Procedia Materials Science  5 ( 2014 )  1502 – 1508 
&RSSHUWXEHVZHUHVXFFHVVIXOO\SURGXFHGE\)6%(SURFHVV7KHSKRWRJUDSKLFYLHZVRIH[WUXGHGFRSSHUWXEHDUH
SUHVHQWHGLQ)LJ7KHWRSYLHZ)LJDVKRZVWKDWWKHZDOORIWKHWXEHLVIRUPHGFRPSOHWHO\7KHUHDUHQRFUDFNV
LQ WKHFURVV VHFWLRQH[FHSW LQ WKH WRS OLSSRUWLRQ7KHFRSSHU WXEHZDVVOLJKWO\DOORZHG WRH[WUXGHRXWVLGH WKHGLH
KROH7KHRXWHUYLHZ)LJERIWKHFRSSHUWXEHVKRZVQRYLVLEOHGHIHFWV7KHVXUIDFHLVVPRRWKDQGWKHUHDUHQR
GLVFRQWLQXLWLHVVXFKDVEDPERRGHIHFW6XUIDFHDSSHDUDQFHVXJJHVWVWKDWWKHWHPSHUDWXUHHYROYHGGXULQJ)6%(GXH
WRIULFWLRQLVVXIILFLHQWIRUVPRRWKIORZRISODVWLFL]HGFRSSHU7KHUHZDVQRVWLFNLQJRISODVWLFL]HGFRSSHUWRWKHZDOO
RI WKHGLH6SLUDOPDUNLQJVDUHDOVRREVHUYHGRQ WKH WXEH6SLUDOPDUNLQJVDUH IRUPHGDVD UHVXOWRIPDWHULDO IORZ
GXULQJ)6%(7KH FRPELQHG URWDWLRQDO DQG D[LDOPRYHPHQW RI WKH VWLUULQJ WRRO IRUFHV WKH SODVWLFL]HGPDWHULDO WR
REVHUYHWKUHHGLPHQVLRQDOVSLUDOSDWKV)DUKDQDPHGWKLVSKHQRPHQDDVVSLUDOIULFWLRQVWLUSURFHVVLQJ$OLS
OLNHVWUXFWXUHLVVHHQDWWKHHQGRIWKHWXEH7KHIRUPDWLRQRIWKHOLSFDQEHDWWULEXWHGWRWKHHDUO\VWDJHVRIWKHWXEH
IRUPLQJSURFHVVZKLFK LV LQVLJQLILFDQW7KHPHFKDQLVPRUPDWHULDO IORZGXULQJ WXEHSURGXFWLRQE\)6%(KDVQRW
EHHQH[SORUHGVRIDU7KHOLSSRUWLRQFDQEHWULPPHGHDVLO\DVDVFDUSIURPWKHFRSSHUWXEHGXULQJSURGXFWLRQ7KH
FURVVVHFWLRQRI WKHFRSSHU WXEHDORQJ WKHH[WUXVLRQGLUHFWLRQ LVGHSLFWHG LQ)LJF7KHUHDUHQR LQWHUQDOGHIHFWV
VXFKDVFUDFNV7KHILJXUHVKRZVDSULVPDWLFXQLIRUPWXEH7KHZDOOWKLFNQHVVLVXQLIRUPWKURXJKRXWWKHH[WUXVLRQ
GHSWK7KHVWLUULQJ WRROZDVQRWSOXQJHG WKURXJKRXW WKHGHSWKRI WKHKROH LQ WKHGLH$SRUWLRQRI WKHDV UHFHLYHG
PDWHULDO ZDV OHIW LQWHQWLRQDOO\ IRU PHWDOOXUJLFDO FKDUDFWHUL]DWLRQ ,W LV HYLGHQW IURP )LJ  WKDW )6%( SURFHVV LV
FDSDEOHRISURGXFLQJVRXQGFRSSHUWXEHV
 0LFURVWUXFWXUHRIFRSSHUWXEH
7KHRSWLFDOPLFURJUDSKVRIWKHFRSSHUWXEHDWVHYHUDOORFDWLRQVDVPDUNHGLQ)LJGDUHSUHVHQWHGLQ)LJ7KH
FRORU HWFKDQW FOHDUO\ UHYHDOV WKH PDWHULDO IORZ EHKDYLRU GXULQJ IULFWLRQ VWLU EDFN H[WUXVLRQ SURFHVV 7KH
PLFURVWUXFWXUHVDWYDULRXVORFDWLRQVRIWKHWXEHZDOODUHGHSLFWHGLQ)LJD±G7KHPLFURVWUXFWXUHRIWKHOHIWSRUWLRQ
RI WKH WXEH DSSHDUV WR EH WKH PLUURU LPDJH RI WKH PLFURVWUXFWXUH RI WKH ULJKW SRUWLRQ 7KH PLFURVWUXFWXUH LV
KRPRJHQHRXVWKURXJKRXWWKHWXEH7KHSRUWLRQRIWKHWXEHOHIWVLGHRI)LJDDQGEDQGULJKWVLGHRI)LJFDQGG
ZKLFK LV FORVHU WR WKH GLH ZDOO VKRZV H[WUXVLRQ PDUNV 7KH SODVWLFL]HG FRSSHU LV VTXHH]HG LQ WKH DQQXODU VSDFH
EHWZHHQ WKHGLHKROHDQG WKH WRRO7KHPDWHULDO IORZGXULQJH[WUXVLRQ OHDYHVVXFKPDUNV ,Q WKHEHJLQQLQJRI WKH
IULFWLRQ VWLU H[WUXVLRQ SURFHVV WKH JUDLQV DUH HORQJDWHG )LJ J K DQG L DQG FRPSUHVVHG WR IORZ LQ WKH YHUWLFDO
GLUHFWLRQ $V WKH SODVWLFL]HG PDWHULDO FURVVHV WKH WDSHUHG SRUWLRQ RI WKH WRRO WKH H[WUXVLRQ PDUNV DUH ZHOO
SURQRXQFHG%XWVXFKPDUNVDUHQRWVHHQLQWKHWXEHSRUWLRQFORVHUWRWKHWRROULJKWVLGHRI)LJDDQGEDQGOHIW
VLGHRI)LJFDQG G7KHH[WUXVLRQPDUNVDUHFOHDUO\LGHQWLILHGLQWKHVOLJKWO\PDJQLILHGPLFURJUDSK)LJHRI
WKHWXEHSRUWLRQFORVHUWRGLHZDOO,WLVHYLGHQWIURPWKHPDJQLILHGPLFURJUDSK)LJIRIWKHWXEHSRUWLRQFORVHUWR
WKH URWDWLQJ WRRO WKDW WKH H[WUXVLRQ PDUNV DUH QRW FOHDUO\ LGHQWLILDEOH7KH FRSSHU WXEHVRU URGVSURGXFHGXVLQJ D
FRQYHQWLRQDOH[WUXVLRQSURFHVVZLOOFRQWDLQWKHH[WUXVLRQPDUNVDFURVVWKHPDWHULDO,QWKHSUHVHQWZRUNWKHFRSSHU
EDU ZKLFK LV XVHG DV D SUHFXUVRU WR )6%( LQ WKH IRUP RI D F\OLQGULFDO VSHFLPHQ LV DQ H[WUXGHG EDU 7KH
PLFURVWUXFWXUH )LJ O DQGP FOHDUO\ VKRZV WKHSUHVHQFH RI H[WUXVLRQPDUNV7KH DEVHQFHRI VXFKPDUNV LQ WKH
SRUWLRQFORVHUWRWKH WRROFDQEHDWWULEXWHGWRWKHIROORZLQJWZRFDXVHV)LUVW WKHURWDWLQJWRROZKLFKLV LQFRQWDFW
ZLWKWKHLQQHUSRUWLRQGXULQJWKHH[WUXVLRQSURFHVVUHVXOWVLQFRQWLQXRXVUHFU\VWDOOL]DWLRQRIWKHLQQHUSRUWLRQRIWKH
WXEH7KHUHFU\VWDOOL]DWLRQSURGXFHVYHU\ILQHJUDLQVDOWHULQJWKHH[WUXVLRQPDUNV$SRUWLRQWRDZLGWKRIaȝP
VKRZVILQHUJUDLQVWUXFWXUHLQ)LJI7KHDYHUDJHJUDLQVL]HLVaȝP7KHVWLUULQJWRRODGYDQFHVFRQWLQXRXVO\LQ
IULFWLRQVWLUZHOGLQJRIPRQROLWKLFDOOR\VKHHWVRUSODWHV7KHZHOGHG]RQHXQGHUJRHVFRROLQJRQFHWKHWRRODGYDQFHV
:KHUHDV LQ)6%( WKH LVRODWLRQRI WKH H[WUXGHG WXEH IURP WKHGLHKROH LV QRW SRVVLEOHXQWLO WKH WRWDO H[WUXVLRQ LV
FRPSOHWHG7KH WXEHFRQWLQXHV WREH LQFRQWDFWZLWK WKHVWLUULQJ WRRO7KHUH LVQRZD\ IRU WKHJHQHUDWHGIULFWLRQDO
KHDWWRGLVVLSDWHH[FHSWWREHWUDSSHGLQVLGHWKH GLHKROH7KHWUDSSHGIULFWLRQDOKHDWLVWKHVHFRQGUHDVRQWRUHPRYH
WKHH[WUXVLRQPDUNV7KHLQQHUZDOORIWKHFRSSHULVGLVFRORUHGWREOXLVK)LJFGXHWRWKHWUDSSHGIULFWLRQDOKHDW
7KHPLFURVWUXFWXUH RI WKH FRSSHU WXEH LV DOVR DGYHUVHO\ DIIHFWHG E\ WKH VDPH KHDW 6HYHUH FRDUVHQLQJ RI FRSSHU
JUDLQVFDQEHVHHQDGMDFHQWWRWKHUHJLRQFRQWDLQLQJUHFU\VWDOOL]HGJUDLQVLQ)LJ7KHJUDLQVL]HLVDSSUR[LPDWHO\
WLPHVKLJKHUFRPSDUHGWRWKHJUDLQVL]HRIFRSSHUEDU)LJP$UHYLVHGGLHGHVLJQKDYLQJFRROLQJFKDQQHOV
PD\EHUHTXLUHGWRGLVVLSDWHWKHWUDSSHGKHDWWRFRQWUROWKHPLFURVWUXFWXUH
1507 I. Dinaharan et al. /  Procedia Materials Science  5 ( 2014 )  1502 – 1508 
)LJ2SWLFDOSKRWRPLFURJUDSKVRID E FDQGGWXEHZDOO HRXWHUVLGHRIWXEH ILQQHUVLGHRIWXEH JDQGKH[WUXVLRQEHJLQQLQJ
]RQH LPDJQLILHGYLHZRIK MVWLU]RQH NWUDQVLWLRQ]RQH OEDVHFRSSHUDQGPPDJQLILHGYLHZRIO
1508   I. Dinaharan et al. /  Procedia Materials Science  5 ( 2014 )  1502 – 1508 
)LJNSUHVHQWVWKHPLFURVWUXFWXUHRIWKHWUDQVLWLRQ]RQH7KHSODVWLFL]HGDQGVWLUUHGPDWHULDOEHJLQVWRVHSDUDWH
IURPWKHEDVHPDWHULDODQGIORZWRZDUGVWKHDQQXODUVSDFLQJ7KHPLFURVWUXFWXUHDWWKHFHQWUHRIWKHVWLUULQJWRROLV
GHSLFWHGLQ)LJM$VWLU]RQHWRDGHSWKRIaȝPLVREVHUYHG)LQHJUDLQVDUHYLVLEOHZKLFKLVDQDORJRXVWRWKH
PLFURVWUXFWXUH RI IULFWLRQ VWLU ZHOGHG FRSSHU ;LH HW DO  REVHUYHG ILQH JUDLQV LQ IULFWLRQ VWLU ZHOGHG SXUH
FRSSHU7KHIRUPDWLRQRIILQHJUDLQVLVDWWULEXWHGWRG\QDPLFUHFU\VWDOOL]DWLRQLQGXFHGE\WKHVWLUULQJDFWLRQRIWKH
URWDWLQJ WRRO/DWHULQWKHSURFHVVWKRVHILQHUJUDLQVFRDUVHQHGGXHWRWUDSSHGIULFWLRQDOKHDWDVGLVFXVVHGDERYH7KH
VWLU]RQHLVHYLGHQWWRPDWHULDOVWLUULQJDURXQGWKHFHQWUHRIWKHF\OLQGULFDOVSHFLPHQ/D\HUVRIPDWHULDOIORZUDGLDOO\
RXWZDUGVDUHYLVLEOH DVDUHVXOWRIVHYHUHSODVWLFGHIRUPDWLRQ
 &RQFOXVLRQV
7KHIROORZLQJFRQFOXVLRQVDUHGHULYHGIURPWKHSUHVHQWZRUN)ULFWLRQVWLUEDFNH[WUXVLRQ)6%(SURFHVVFDQEH
XVHG WRSURGXFH VRXQG FRSSHU WXEHVZLWKRXW DQ\GHIHFWV7KHPLFURVWUXFWXUHRI WKH FRSSHU WXEHZDV IRXQG WREH
KRPRJHQHRXVDORQJWKHWXEH([WUXVLRQPDUNVZHUHREVHUYHGDWWKHRXWHUSHULSKHU\RIWKHWXEH6HYHUHFRDUVHQLQJ
RIJUDLQVZDVQRWLFHGDORQJWKHWXEHZDOOGXHWRWKHWUDSSHGKHDW$GHTXDWHKHDWGLVVLSDWLRQLVUHTXLUHGGXULQJ)6%(
WR FRQWUROWKHPLFURVWUXFWXUHHYROXWLRQ
$FNQRZOHGJHPHQWV
7KHDXWKRUVDUHJUDWHIXOWRWKHPDQDJHPHQWRI.DUXQ\D8QLYHUVLW\IRUSURYLGLQJ6KRUW7HUP5HVHDUFK*UDQWWR
SUHSDUHWKHH[SHULPHQWDOVHWXS7KHDXWKRUVDUHWKDQNIXOWR0U1REOH0DWKHZIRUKLVDVVLVWDQFHRIIHUHGWRH[HFXWH
WKHDERYHZRUN
5HIHUHQFHV
%DODVXEUDPDQLDQ10LVKUD56.ULVKQDPXUWK\. 3URFHVV IRUFHVGXULQJ IULFWLRQ VWLU FKDQQHOLQJ LQ DQDOXPLQXPDOOR\ -RXUQDO RI
0DWHULDOV3URFHVVLQJ7HFKQRORJ\ ±
&DP*)ULFWLRQVWLUZHOGHGVWUXFWXUDOPDWHULDOVEH\RQG$ODOOR\V ,QWHUQDWLRQDO0DWHULDOV5HYLHZV ±
&DYDOLHUH 30DUFR'33  6XSHUSODVWLF EHKDYLRXU RI IULFWLRQ VWLU SURFHVVHG$=PDJQHVLXP DOOR\ SURGXFHG E\ KLJK SUHVVXUH GLH
-RXUQDORI0DWHULDOV3URFHVVLQJ7HFKQRORJ\ ±
)DUKD)$$SUHOLPLQDU\VWXG\RQWKHIHDVLELOLW\RIIULFWLRQVWLUEDFNH[WUXVLRQ 6FULSWD0DWHULDOLD ±
*HLJHUD00LFDUL)0HUNOHLQ0)UDWLQL/&RQWRUQR'*LHUD$6WDXG')ULFWLRQ6WLU.QHDG:HOGLQJRIVWHHODOXPLQLXPEXWW
MRLQWV ,QWHUQDWLRQDO-RXUQDO RI 0DFKLQH 7RROVDQG 0DQXIDFWXUH ±
*LUDUG 0 +XQHDX % *HQHYRLV & 6DXYDJH ; 5DFLQHX[ * )ULFWLRQ VWLU GLIIXVLRQ ERQGLQJ RI GLVVLPLODU PHWDOV 6FLHQFH DQG
7HFKQRORJ\RI:HOGLQJDQG-RLQLQJ ±
+DQJDLD<8WVXQRPL\D7+DVHJDZD0(IIHFWRI WRRO URWDWLQJ UDWHRQ IRDPLQJSURSHUWLHVRISRURXVDOXPLQXPIDEULFDWHGE\XVLQJ
IULFWLRQVWLUSURFHVVLQJ-RXUQDORI0DWHULDOV3URFHVVLQJ7HFKQRORJ\ ±
,QDGD . )XMLL + -L <6 6XQ <) 0RULVDGD <  (IIHFW RI JDS RQ )6: MRLQW IRUPDWLRQ DQG GHYHORSPHQW RI IULFWLRQ SRZGHU
SURFHVVLQJ6FLHQFHDQG7HFKQRORJ\RI:HOGLQJDQG-RLQLQJ ±
/HH&-+XDQJ-&+VLHK3-0JEDVHGQDQRFRPSRVLWHVIDEULFDWHGE\IULFWLRQVWLUSURFHVVLQJ 6FULSWD0DWHULDOLD ±
0LVKUD560D=<)ULFWLRQVWLUZHOGLQJDQGSURFHVVLQJ 0DWHULDOV6FLHQFHDQG(QJLQHHULQJ 5±
0LVKUD560DKRQH\0:0F)DGGHQ6;0DUD1$0XNKHUMHH$.+LJKVWUDLQUDWHVXSHUSODVWLFLW\LQDIULFWLRQVWLUSURFHVVHG
$ODOOR\ 6FULSWD0DWHULDOLD ±
1DQGDQ5'HEUR\7%KDGHVKLD+.'+5HFHQW$GYDQFHVLQ)ULFWLRQ6WLU :HOGLQJ ± 3URFHVV:HOGPHQW6WUXFWXUHDQG3URSHUWLHV
3URJUHVVLQ0DWHULDOV6FLHQFH ±
7KRPDV:0 1LFKRODV (' 1HHGKDP -&0XUFK0* 7HPSOHVPLWK 3 'DZHV &-  *% 3DWHQW $SSOLFDWLRQ 1R 
,QWHUQDWLRQDO3DWHQW$SSOLFDWLRQ1R3&7*%
:DQJ'$&KHQ&+)DWLJXHOLYHVRIIULFWLRQVWLUVSRWZHOGVLQDOXPLQXP7VKHHWV -RXUQDORI0DWHULDOV3URFHVVLQJ7HFKQRORJ\
±
;LH*00D=<*HQJ/'HYHORSPHQWRIDILQHJUDLQHGPLFURVWUXFWXUHDQGWKHSURSHUWLHVRIDQXJJHW]RQHLQIULFWLRQVWLUZHOGHG
SXUHFRSSHU 6FULSWD0DWHULDOLD ±
=KDQJ * 6X: =KDQJ - :HL = D )ULFWLRQ 6WLU %UD]LQJ D 1RYHO 3URFHVV IRU )DEULFDWLQJ $O6WHHO /D\HUHG &RPSRVLWH DQG IRU
'LVVLPLODU -RLQLQJRI$OWR6WHHO0HWDOOXUJLFDODQG0DWHULDOV7UDQVDFWLRQV $ ±
=KDQJ+-/LX+-<X/ E0LFURVWUXFWXUDO HYROXWLRQ DQG LWVHIIHFW RQPHFKDQLFDO SHUIRUPDQFHRI MRLQW LQXQGHUZDWHU IULFWLRQ VWLU
ZHOGHG7DOXPLQLXPDOOR\ DQG7HFKQRORJ\RI:HOGLQJDQG-RLQLQJ±
